Summary: The mechanisms of ER exit block during mitosis is not well-understood.
Results and discussion 1

CK1 regulates ER exit site organization 2
Although previous reports suggested that CK1d is involved in COPII vesicle budding 3 from the ER (Lord et al., 2011), the mechanisms were unclear. First, we expressed CK1a 4 and CK1d and evaluated their effects on ER exit site organization. CK1a expression did 5 not affect the localization of Sec16 and Sec31 (Fig. 1A upper panel) . In contrast, CK1d 6 expression resulted in dissociation of Sec16 and Sec31, as observed in cells depleted of 7 TANGO1L and TANGO1S ( CK1e, ER exit sites stained by Sec16, Sec23, and Sec31 were enlarged. Quantitative 17 analysis revealed that the numbers of small and large ER exit sites were decreased and 18 increased, respectively, following CK1 depletion (Fig. 1E) , without affecting the 19 expression of other proteins (Fig. 1F) . Next, we used IC261, an ATP-competitive specific 20 inhibitor for CK1d and CK1e (Mashhoon et al., 2000) . Interestingly, cells treated with 21 the inhibitor showed a similar phenotype as CK1-depleted cells ( Fig. 1G and H). These 22 results suggest that CK1d and CK1e are involved in organizing ER exit sites through their 23 kinase activities. Because Sec23 has been identified as a substrate for CK1 (Lord et al., 24 2011), we predicted that CK1-mediated Sec23 phosphorylation regulates the organization 25 of ER exit sites. In this case, Sec23 depletion would eliminate the effect of IC261-26 mediated enlargement of ER exit sites. We depleted Sec23 from HeLa cells and examined 27 the size of ER exit sites. As shown in Fig. 1I and J, enlarged ER exit sites were still 28 observed following IC261 treatment, even in Sec23-depleted cells. Thus, it is unlikely 29 that CK1-mediated regulation of ER exit site size is mediated by Sec23 phosphorylation. 30
31
CK1 interaction reduces the binding affinity of Sec16 to TANGO1 32
To further investigate the effect of CK1 on ER exit site organization, we examined 1 whether CK1 interacts with other proteins at ER exit sites. As shown in Fig. 2A , we found 2 that CK1d interacts with Sec16 ( Fig. 2A, lanes 1 and 2) . The kinase activity of CK1d did 3 not affect this interaction ( Fig. 2A, lanes 3 and 4) . To determine the interaction domain 4 on Sec16, we examined the interaction of deletion constructs of Sec16 with CK1 (Fig.  5 2B). Sec16 (1101-1600) and Sec16 (1601-1890) efficiently interacted with CK1d (Fig.  6 2C). When Sec16 was truncated into the TANGO1-interacting region (1101-1400), the 7 interaction was reduced but not eliminated (Fig. 2C) (Maeda et al., 2017) . These results 8 suggest that Sec16 possesses multiple CK1-interacting regions which can be mapped to 9
Sec16 (1101-1890). In contrast, TANGO1S failed to interact with CK1 ( Fig. 2D ). We 10 previously showed that the interaction between TANGO1 and Sec16 is vital for proper 11 ER exit site organization (Maeda et al., 2017). Thus, we next examined whether CK1 12 regulates ER exit site organization via TANGO1/Sec16. As expected, Sec16 interacted 13 with both TANGO1S and CK1d; however, the interaction between TANGO1 and Sec16 14 was markedly reduced when CK1d was added (Fig. 2E) . These results indicate that CK1 15 organizes ER exit sites by changing the interaction properties between TANGO1 and 16
Sec16. 17 18
CK1-mediated TANGO1 phosphorylation dissociates ER exit sites 19
The above results suggest that the kinase activity of CK1 is important for ER exit site 20 organization. Thus, we searched for possible phosphorylation sites within TANGO1 and 21 Sec16 using the PhosphositePlus and NetPhos databases (Blom et al., 1999; Hornbeck et 22 al., 2015). We found phosphorylation hotspots within TANGO1 just upstream of the 23 proline-rich domain (PRD) and named these sites as phosphorylation predicted sequences 24 (PPS) (Fig. 3A) . PPS alignment indicated that this region is well-conserved among 25 species (Fig. S1A) . Next, we mutated serine or threonine to alanine in the PPS (SA 26 mutant) and evaluated whether this region is phosphorylated via CK1 in an in vitro kinase 27 assay. We used CK1 without the C-terminal regulatory domain for hyperactivation 28 (Graves and Roach, 1995). Recombinant TANGO1 PPS+PRD or the corresponding SA 29 mutant were incubated either with wild-type or kinase-dead CK1d in the presence of [γ-30 32 P] ATP (Fig. S1B ). As shown in Fig. 3B , wild-type CK1d efficiently phosphorylated 31 TANGO1 PPS+PRD but failed to phosphorylate the SA mutant, strongly suggesting that 32 the TANGO1 PPS is phosphorylated by CK1d. The inefficient phosphorylation bykinase-dead CK1 validated the specificity of this effect. Next, we prepared TANGO1S 1 with the phosphorylation mimic (TANGO1S (SE)-HA) or inefficient mutations 2 (TANGO1S (SA)-HA) and examined their interactions with Sec16. 3
Coimmunoprecipitation analysis revealed that SE mutants reduced the binding to Sec16, 4 whereas SA mutants enhanced the binding to Sec16 compared to wild-type TANGO1S 5 (Fig. 3C ). These data indicate that phosphorylation of TANGO1 by CK1 reduced the 6 interaction with Sec16. Indeed, the interaction between TANGO1 and Sec16 was not 7 susceptible to CK1d when the TANGO1 SA mutant was used rather than the wild-type 8 protein (Compare Fig. 2E and Fig. 3D ). Next, we examined whether TANGO1 mutants 9 affect the organization of ER exit sites. We previously showed that Sec16 and Sec31 10 dissociates upon TANGO1 depletion, which cannot be rescued by TANGO1 lacking the 11 Sec16-interacting region (Maeda et al., 2017). We depleted TANGO1L and TANGO1S 12 and expressed TANGO1 SE and SA mutants. Immunofluorescence data are shown in Fig.  13 3E and quantitative data in Fig. 3F . Although wild-type TANGO1S and SA mutants 14 efficiently rescued the dissociation between Sec16 and Sec31, SE mutants failed to 15 correct the dissociation of ER exit sites. These data strongly suggest that CK1-mediated 16 TANGO1 phosphorylation in PPS regulates ER exit site organization. We made series of 17 mutations in the TANGO1 PPS to identify the critical residues for CK1 phosphorylation 18 (Fig. S1C) . We examined not only the binding properties between Sec16 and TANGO1 19 mutants (Fig. S1D) , but also the organizing efficiency of TANGO1 mutants (Fig. S1E) . 20
The data indicated that the number of mutations affects both the binding properties and 21 organization, while critical residues important for regulating ER exit site organization 22
were not likely existed. Thus, the degree of phosphorylation in TANGO1's PPS by CK1 23 regulates the organization of ER exit sites. colocalization coefficiency between Sec16 and Sec31 was significantly reduced during 5 mitosis (Fig. 4B) . Notably, reduced colocalization was also observed between TANGO1 6 and Sec31 in mitotic cells, suggesting that ER exit site dissociation occurs for both 7 peripheral membrane proteins and membrane proteins ( Fig. 4C and D) . We next 8 visualized the proteins at ER exit sites upon CK1 depletion during mitosis. Unexpectedly, 9 cells synchronized at metaphase clearly showed punctate structures stained by both Sec16 10 and Sec31 (Fig. 4E ). Quantitative analysis suggested that cells depleted of CK1 showed 11 significantly increased colocalization coefficiency between Sec16 and Sec31 (Fig. 4F) . 12 Cells synchronized at prometaphase by nocodazole block also showed punctate structures 13 visualized by detecting Sec16 and Sec31 upon CK1 knockdown ( Fig. S2A and B) . 14 Moreover, colocalization between TANGO1 and Sec31 was also increased during mitosis 15 upon CK1 depletion ( Fig. 4G and H) . These data suggest that CK1 is important for mitotic 16 dissociation of the ER exit site. Next, we investigated whether phosphorylation of 17 TANGO1 is involved in mitotic ER exit site dissociation. Phos-tag blot analysis of cells 18 stably expressing TANGO1 constructs revealed that wild-type TANGO1 is 19 hyperphosphorylated during mitosis (Fig. 4I) . In contrast, TANGO1 SA mutants were not 20 phosphorylated in mitotic cells, suggesting that mitotic TANGO1 phosphorylation 21 predominantly occurs at the PPS (Fig. 4I) . We then evaluated the effects of TANGO1 22 expression on ER exit site dissociation. As shown in Fig. 4J -M and Fig. S2C and D, the 23 expression of TANGO1 SA mutants failed to dissociate ER exit sites during mitosis. 24
These data strongly suggest that CK1 phosphorylates the TANGO1 PPS for ER exit site 25 dissociation during mitosis. 26
27
In this study, we identified CK1 as a regulator of ER exit sites. CK1 overexpression 28 dissociated the ER exit site. In contrast, CK1 depletion enlarged the ER exit sites. We 29 found that CK1 phosphorylated the TANGO1 PPS, which reduced binding between 30 TANGO1 and Sec16. We previously showed that TANGO1 and Sec16 organize ER exit 31 
Double thymidine block 32
Cells treated with siRNAs were incubated for 22 h and then treated with 2.5 mM 1 thymidine for 16 h. The cells were washed three times with PBS and released for 8 h. 2 Then, the cells were incubated further with 2.5 mM thymidine for 16 h, washed three 3 times with PBS and released for 10 h before fixation. 4 5
Nocodazole block 6
Cells treated with siRNA were incubated for 59 h and then treated with 100 ng/ml 7 nocodazole for 13 h before fixation or collecting by shake-off. 8 9
Immunoprecipitation and western blotting 10
The experiments were essentially performed as described previously (Saito et al., 2014) . 11
Cells extracted with extraction buffer consisting of 20 mM Tris-HCl (pH7.4), 100 mM 12 NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors were centrifuged at 20,000 13 g for 15 min at 4°C. Cell lysates were immunoprecipitated with FLAG M2 antibodies 14 (SIGMA). The beads were washed with TBS/0.1% Triton X-100 for five times followed 15 by elution with DYKDDDK peptide and processed for sample preparation. CK1e siRNA (734), 5'-CCUCCGAAUUCUCAACAUA-3'. 7
For control siRNA, Mission siRNA Universal Negative Control #1 (Merck) was used. 8
The number in the parentheses represents the starting base pair of the target sequence. 9
10
Immunofluorescence microscopy 11
Immunofluorescence microscopy analysis was performed as described previously was stopped by boiling with Laemmli Sample buffer. The samples were then subjected 9 to SDS-PAGE followed by exposing with phosphor plate analyzed by Typhoon FLA9500 10 (GE healthcare). 11
12
Online supplemental material 13 Figure S1 shows the purity of recombinant proteins used in the in vitro kinase assay. 14 Figure S2 shows the degree of phosphorylation in TANGO1 PPS and its correlation with 15 the dissociation of ER exit sites. Figure S3 shows that CK1 is required for mitotic ER exit 16 site dissociation according to nocodazole block analysis. and eluted with a FLAG peptide. Eluates were then subjected to SDS-PAGE followed by 31 western blotting with anti-FLAG and anti-HA antibodies. (D) 293T cells were transfected 32 with FLAG-Sec16 (1101-1890 aa) or TANGO1S-FLAG and HA-CK1d or HA-CK1dK38R constructs. Cell lysates were immunoprecipitated with anti-FLAG antibody and 1 eluted with a FLAG peptide. Eluates were then subjected to SDS-PAGE followed by 2 western blotting with anti-FLAG and anti-HA antibodies. (E) 293T cells were transfected 3 with FLAG-Sec16 (1101-1890 aa), TANGO1S-HA, and HA-CK1d constructs as 4 indicated. Cell lysates were immunoprecipitated with anti-FLAG antibody and eluted 5 with a FLAG peptide. Eluates were then subjected to SDS-PAGE followed by western 6 blotting with anti-FLAG and anti-HA antibodies. were collected. Mitotic extracts were collected by treatment of nocodazole followed by 9 shake-off. Cell lysates were immunoprecipitated with anti-FLAG antibody and eluted 10 with a FLAG peptide. Eluates were subjected to SDS-PAGE followed by biotinylated 11
Phos-tag detection or western blotting with anti-FLAG antibody. Lysates were subjected 12 to SDS-PAGE followed by western blotting with anti-CK1d, anti-GAPDH, and anti- 
